Introduction
Importin-b (Imp-b) is a key component of nuclear protein import, formation of the spindle apparatus and assembly of the nuclear envelope (Gorlich and Kutay, 1999; Gruss et al., 2001; Timinszky et al., 2002) . In Drosophila, Imp-b -encoded by the Ketel gene -is both maternally provided and zygotically produced Tirian et al., 2000) . The maternally provided Imp-b molecules support life of the ketel null /À larvae, which lack the Imp-b encoding Ketel gene, for three days, halfway throughout larval life (Villanyi et al., 2008a) . About 6 h before dying, the ketel null /À larvae slow down and while become paralyzed their mouth apparatus shivers severely. The symptoms are reminiscent of ataxia, a common phenomenon in mitochondrial cytopathies (Schmiedel et al., 2003) and motivated the present study.
Death of the ketel null /À larvae is most likely the consequence of the break down and/or dilution below the threshold level of the maternally provided Imp-b and the consequent ceasing of nuclear protein import. The defect must be related to disrupted function of the larval, and not the diploid imaginal cells since larvae without the latter cell type can complete larval development (Szabad and Bryant, 1982) . Since the sole function of Imp-b in the larval cells is nuclear protein import (Villanyi et al., 2008a,b) , death of the ketel null /À larvae is presumably the consequence of defective import of proteins, including some of the transcription factors, into the nuclei. The ensuing altered gene expression pattern well may 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.01.003 result in disrupted cell functions and death. With the above presumption in mind we set out and analyzed mitochondria formation and function in larvae with and without Imp-b. Staining with the JC1 dye and MitoTracker showed that cells of the ketel null /À larvae contain few but functional mitochondria. Microarray comparison of cDNA populations that represent gene expression patterns in the ketel null /À and in their sibling ketel null /+ larvae revealed altered expression of as few as 30 genes in the absence of Imp-b. Seven of these genes are down-and 23 are upregulated. There is a C/EBP transcription factor binding site in every of the seven downregulated genes. Since C/EBP contains two nuclear localization signals and is imported into the nuclei by Imp-b (Williams et al., 1997) , downregulation of the seven genes in absence of Imp-b is sensible. Besides, C/EBP has been known to function in energy homeostasis (Wang et al., 1995) .
Elimination, through the RNAi technique, the function of peroxiredoxin-6005 (prx6005), one of the 23 upregulated genes, leads to excessive mitochondrial biogenesis indicating the involvement of prx6005 in the process. We suggest -based on features of reactive oxygen species (ROS) -in the absence and the presence of the Prx6005 protein that it is engaged in mitochondrial biogenesis by being a component of redox signaling.
Results and discussion
The ataxia-like symptoms raised the possibility that the ketel null /À larvae perish due to mitochondria-related disorders. To decide about this assumption, we prepared extracts -with the mitochondria inside -from ketel null /À and from their sibling ketel null /+ and À/+ (control) larvae and determined the capabilities of the extracts to reduce methylene-blue to colorless leucomethylene-blue under anaerobic conditions. The control extracts were also analyzed in the presence of dinitrophenol (DNP), a protonophore that inhibits oxidative phosphorylation. While the control extracts effectively reduced methylene-blue, the ketel null /À and the DNP-treated control extracts were very inefficient (Fig. 1A) . The inability of the ketel null /À extracts to reduce methylene-blue may be the consequence of (i) barely or non-functional mitochondria that may be present in normal numbers and/or (ii) a decrease in the number of the otherwise functional mitochondria. To decide between the two possibilities, we stained Malpighian tubule and gut cells of larvae with JC1, a proton gradient-sensitive dye, which selectively stains the mitochondria. While the JC1 molecules aggregate in the functional mitochondria and the emitted fluorescence peaks at 595 nm, JC1 is otherwise sequestered to the cytosol and the fluorescence maximum is at 535 nm (Cossarizza et al., 1993) . JC1 staining revealed a significant decrease in the number of mitochondria in the ketelnull /À paralyzed larvae, albeit the mitochondria appeared largely normal in size, shape and function (Fig. 2, Table 1 ). MitoTracker staining confirmed the JC1-related results and revealed a strong reduction in the number of mitochondria in the ketel null /À larvae (Fig. 2) . The reduced number of mitochondria in cells of the ketel null /À larvae may be the consequence of (i) failed mitochondrial biogenesis, (ii) faster than normal breakdown and/or (iii) fragmentation to undetectable sizes without preceding growth of the mitochondria. Since the fluorescence decay following JC1 pulse labeling is not different in the larval cells of the ketel null /À and their sibling ketel null /+ and À/+ larvae the decrease in the number of mitochondria is most likely the result of failed mitochondrial biogenesis and not faster than normal decomposition of the mitochondria (Z. Villanyi, unpublished result). There is no indication of fragmentation of the mitochondria. The few remaining mitochondria are functional as shown by the orange fluorescence they emit following JC1 staining (Fig. 2) .
To confirm the role of Imp-b in mitochondrial biogenesis, we demolished the zygotically produced Ketel mRNA through RNAi by assuring a ubiquitous expression of a UAS-Ketel-RNAi transgene with the Actin5C-Gal4 driver. The Actin5C-Gal4; UASKetel-RNAi larvae die during late 2nd larval instar essentially as the ketel null /À ones and there are many fewer mitochondria in their cells than normal (Fig. 2) .
The decrease in the number of mitochondria in the larvae lacking the Ketel gene illustrates the involvement of Imp-b in mitochondrial biogenesis. Since this process involves the coordinated expression of both nuclear and mitochondrial genes (Sardiello et al., 2005; Ryan and Hoogenraad, 2007) and since some component(s) of the signaling pathways are expected to be imported into the nucleus, we assumed that in the absence of Imp-b the failure to import proteins into the nuclei leads to altered gene expression pattern, reduced number of the mitochondria, ataxia and the eventual death of the larvae. The ketel null /À larvae may thus reveal novel aspects of mitochondrial biogenesis. To elaborate on this possibility, we conducted a microarray-based transcriptome analysis to determine the differences in gene expression pattern between larvae without and with Imp-b. In practice, we isolated total mRNA from ketel null /À larvae which were about to slow down and -as a control -from their ketel null /+ and À/+ siblings that carried a functional Ketel gene (+). There were mRNA preparations prepared for the synthesis of cDNAs that were then analyzed by microarrays. As summarized in Table 2 , significant differences appeared in the expression level of as few as 30 of the 10,500 analyzed genes. All the 30 genes are nuclear, seven are down-and 23 are upregulated. Results of the microarray experiments were confirmed by Q-RT-PCR for seven of the 30 genes (see Supplementary Fig. 1 ).
Functions for 19 of the 30 genes have already been elucidated and are rather diverse. In addition to the genes engaged in prevention of oxidative stress (CG3083, CG9828), regulation of the actin cytoskeleton (CG4012, CG10067, CG33149) and chitin formation (CG10112, CG18777), five of the 19 genes are engaged in mitochondria-related functions (CG2968, CG3083, CG9943, CG11455, CG17280). Two of these genes have already been subjected to genetic analyses: CG17280, which encodes the cytochrome c oxidase VIa subunit (Liu et al., 2007) and CG9943, which encodes Surf1, an inner mitochondrial membrane protein with a crucial role in the mitochondrial energy generating pathway (Zordan et al., 2006) . The lack of function of the gene encoding the cytochrome c oxidase VIa subunit leads to paralysis and progressive neurodegeneration (Liu et al., 2007) . Absence of Surf1 function leads to the formation of mitochondria with severely altered structure (Zordan et al., 2006) . Promoter analysis of the 30 genes revealed one or two C/ EBP transcription factor binding site(s) in every of the seven downregulated genes suggesting an activating role of C/EBP in the regulation of expression of these genes. The C/EBP transcription binding site resides adjacent to the transcription start site in five of the seven genes (CG6467, CG10067, CG17280, CG18777 and CG33149). There is a C/EBP-looking binding site in the first intron of CG3714 and in the first exon of CG5874 (see the Supplementary Table 1) . There are at least five different C/EBP isoforms in mammals and only two C/EBP homologous genes exist in Drosophila: CG7839 and slbo (Rorth and Montell, 1992) . The DNA recognition sites of the mammalian C/EBP isoforms and the slbo-encoded DmC/EBP differ only in one nucleotide from the 5 0 AACGCGTT 3 0 palindrome (Akira et al., 1990; Yu et al., 1995; Wedel et al., 1996) . C/EBP contains two nuclear localization signals and has been known to be imported into the nucleus by Imp-b (Williams et al., 1997) . Absence of Imp-b in the ketel null /À larvae well may be responsible for the lack of C/EBP import into the nuclei and downregulation of the above mentioned seven genes. C/EBP has also been shown to be essential in establishing and maintaining energy homeostasis (McKnight et al., 1989; Wang et al., 1995) . C/EBP expression is elevated during oxidative treatments (Guyton et al., 1996) and also in osteosarcoma cells that harbor mtDNA mutations and are associated with MELAS and NARP syndromes (Fujita et al., 2007) . The former and the present findings suggest an active role of C/EBP in the communication between the mitochondria and the nucleus.
There is no apparent similarity in the promoters of the upregulated genes. Their increased expression level may be the consequence of inefficient nuclear protein import and/ or can also represent secondary consequences of disturbed gene expression regulation. To determine whether the genes identified in the microarray experiments are involved in mitochondrial biogenesis, we silenced function of 15 of the 30 genes by the RNAi technique and analyzed the number, morphology and functionality of the mitochondria in the Malpighian tubule and gut cells of Actin5C-Gal4; UAS-RNAi larvae. Those genes were included in the silencing experiments that (i) were suggested to have a role in mitochondrial biogenesis (except CG17280 and CG9943) and (ii) the 11 genes without assigned functions (Table 2) .
There were no alterations detected in the number, JC1 staining pattern and morphology of the mitochondria in 14 of the studied 15 genes. However, silencing function of the prx6005 gene led to highly significant increase in the number of mitochondria in the larval cells without noticeable change in the cell volume (Table 1) . As JC1 staining revealed, these mitochondria are normal and functional (Fig. 3) . Their normal function is supported by the following result: the prx6005-RNAi larval extracts reduced methylene-blue more effectively than the wild-type control (Fig. 1B) . The difference between the prx6005-RNAi and the control extracts became pronounced in the presence of an oxygen scavenger that effectively eliminated ROS (Fig. 1B) . The above results suggest an involvement of Prx6005 in the control of mitochondrial biogenesis and in fact it appears to negatively control the process.
As indicated in the experiment with the oxygen scavenger (Fig. 1B) , there well may be more ROS produced in the prx6005-RNAi as in the wild type (control) larvae. This result is in line with the finding that there are many more mitochondria in cells of the prx6005-RNAi as compared to wild type larvae (1619 ± 337 versus 546 ± 90; Table 1 ). The higher than normal ROS concentration well may account for death of the prx6005-RNAi larvae.
Surprisingly, overexpression of a UAS-prx6005 transgene had no significant effect on viability or fertility of the Actin5C-Gal4; UAS-prx6005 larvae and flies and the number of mitochondria was normal in these larvae. It is very unlikely that the UAS-prx6005 transgene did not function since it overcame the deleterious effect of the Actin5C-Gal4; prx6005-RNAi combination: the Actin5C-Gal4; UAS-prx6005; UAS-prx6005-RNAi flies are viable and fertile and the number of mitochondria was also normal in these larvae. Apparently overproduction of Prx6005 has no effect on viability possibly because the cellular function of Prx6005 is accomplished already at its lower concentrations.
Presence of an appropriate number of mitochondria is essential for all the eukaryotic cells. Since the vast majority of the mitochondrial proteins are encoded by nuclear genes, an appropriate signaling process is essential in mitochondrial biogenesis and implies nuclear import of some of the components (Sardiello et al., 2005; Ryan and Hoogenraad, 2007; Veal et al., 2007) . A retrograde signaling pathway monitoring the size of the functional mitochondrial pool has been described and the ROS were suggested to be involved in the process (Liu and Butow, 2006 ). It appears that signaling is defective in the absence of Imp-b and this condition leads to failed mitochondrial biogenesis.
The present study suggests the involvement of Prx6005 in redox signaling. Members of the peroxiredoxin familyincluding Prx6005, one of the five Drosophila peroxiredoxins (Radyuk et al., 2001 ) -are antioxidant enzymes that, by reduc- ing H 2 O 2 , ensure redox homeostasis and thus have a protective role in the cells. In addition, at least some of the peroxiredoxins are regulators of redox-sensitive cellular signaling linked to reductive-oxidative-based mechanisms (Veal et al., 2007) . Prx6005 eliminates peroxide or peroxynitrite under physiological conditions. However, it is the least effective among the five Drosophila peroxiredoxins (Radyuk et al., 2001 ) and may not effectively lower the concentration of the ROS in the cells.
To further elaborate on the role of Prx6005 in redox homeostasis, we determined the total antioxidant capacities (with the FRAP technique; Benzie and Strain, 1996) of samples prepared from prx6005-RNAi and wild type larvae. Apparently, the antioxidant activity (measured in FRAP values) of the prx6005-RNAi samples were significantly higher than that of the wild-type derived ones (356 ± 49 versus 258 ± 29 nM/ml; n = 5; P < 0.005). The higher than normal FRAP values in prx6005-RNAi samples may represent a response to higher production rate of ROS and indicates that Prx6005 function is not essential in the process. It well may be that Prx6005 is a component of the redox signaling and the changes in its oxidoreductive state is essential in monitoring mitochondrial activities in the cells. This assumption could explain the consequences of lost Prx6005 function, uncontrolled mitochondrial biogenesis, excessive ROS production and death of the larvae.
3.
Experimental procedures
Drosophila strains
The ketel null /À hemizygous larvae, lacking the Imp-b encoding Ketel gene, descended from a cross between y/y; ke- To eliminate function of the Ketel gene with the RNAi technique, we crossed Act5C-Gal4/Bc Gla males with females that were homozygous for a UAS-RNAi transgene (Dietzl et al., 2007) . The Act5C-Gal4 driver ensures ubiquitous expression of the Gal4 transcription factor. Bc, a dominant marker mutation, allows convenient detection of the control sibling larvae that do not carry the Act5C-Gal4 driver.
To eliminate function of 15 of the genes (labeled * in Table  2 ) identified in the microarray analysis, we combined Act5C-Gal4 with the appropriate UAS-RNAi transgenes and analyzed the mitochondria in the Malpighian tubule and gut cells of the Act5C-Gal4/UAS-RNAi late 3rd instar larvae following JC1 staining. All the fly-related experiments were conducted on 25°C.
To analyze the function of Prx6005, we constructed UASprx6005 transgenes by combining genomic sequences with the UAS sequences (Brand and Perrimon, 1993) .
Reduction of methylene-blue
To prepare larval extracts with the mitochondria inside, we collected 10 lg ketel null /À and, as a control, their ketel null / y + CyO and À/y + CyO sibling larvae that were late 2nd instar, 66-70 h old. The ketel null /À larvae had already slowed down and their mouth musculature was slightly shivering. In the Prx6005-RNAi experiment late 3rd instar Act5C-Gal4; UASPrx6005-RNAi and, as a control, their sibling Bc Gla; UASPrx6005-RNAi larvae were collected. The larvae were homogenized in 90 ll deoxygenated PBS with 1 mM EGTA and 1 mM MgCl 2 and centrifuged for 2 min at 1000g to remove cell debris and keep the mitochondria intact in the supernatant. The DNP concentration was 100 lM in the control. Twenty milliliter of the supernatant was mixed with 200 ll MRP buffer (7.8 lM methylene-blue, 1 mM EGTA, and 1 mM MgCl 2 in deoxygenated PBS) in a cuvette and was covered with deoxygenated paraffin oil to keep oxygen away. In the absence of oxygen, methylene-blue is reduced to colorless leucomethylene-blue by the mitochondria. The change in absorbance was recorded in a spectrophotometer at 660 nm, the absorption maximum of methylene-blue. The oxygen scavenger was prepared as follows: 22.5 mM glucose, 35 lg/ml catalase, 200 lg/ ml glucose oxidase and 0.5% 2-mercaptoethanol (http:// mitchison.med.harvard.edu/protocols/flowcell.html).
JC1-staining
The Malpighian tubules and the gut were dissected from the larvae in oxygen-saturated PBS and transferred into the staining solution (10 lg/ml JC1; Sigma-Aldrich T4069, 1 lg/ ml Hoechst 33342; Sigma-Aldrich 14533 and 10% DMSO in oxygen-saturated PBS) to stain the mitochondria and the DNA. The gut and the Malpighian tubules were stained for 15 min in the dark, rinsed in oxygenated PBS containing 10% DMSO for 5 min and mounted in 10% DMSO containing oxygenated PBS. Optical sections were prepared in an Olympus FV1000 confocal microscope. The number of mitochondria in single cells was determined in a series of 1 lm confocal images using a particle recognizer plug-in of the Image-J software.
MitoTracker staining
Wild type and ketel null /À larvae were stained for mitochondria by MitoTracker Green FM (Molecular Probes, Eugene, OR). A 1 mM stock solution was prepared in dimethyl sulfoxide and stored at À20°C according to the manufacturer's instruction. The dissected tissues were stained for 20 min at room temperature in phosphate-buffered saline (PBS) containing 0.5 lM cell-permeant MitoTracker Green FM and 1 lg/ml Hoechst 33342. After three washes in PBS, the tissues were mounted and analyzed in an Olympus FV1000 confocal microscope.
3.5.
Measuring the relative antioxidant activity by FRAP
The antioxidant activities of both prx6005-RNAi and wild type third instar larvae were determined by the FRAP assay (ferric reducing antioxidant power; Benzie and Strain, 1996) . In practice, 15 ll FRAP reagent (25 ll acetate buffer 300 mM, pH 3.6; 2.5 ll 10 mM 2,4,6-tripyridyl-s-triazine -TPTZ -in 40 mM HCl; 2.5 ll 20 mM FeCl 3 AE6H 2 O) and 0.5 ll larval extract were mixed. The antioxidant activities of the larval extracts were determined by photometry of the Fe(II)-TPTZ complex concentration. Photometry was carried out in a Nanodrop spectrophotometer at 593 nm immediately and after 5 min following the mixing of the FRAP reagent and the larval extract samples. The changes in absorbance reflect the antioxidant activities of the samples. Five independently isolated extracts were analyzed both from prx6005-RNAi and from wild type larvae. Standards of known Fe(II) concentrations (FeS-O 4 AE7H 2 O) were analyzed in triplicate using several concentrations (50, 75, 100, 150, 200 , 500 and 1000 lM). A calibration curve was prepared by plotting the average FRAP values for every FeSO 4 concentration. The FRAP values of the larval samples were then determined based on the calibration curve. The measurements were performed on room temperature with samples protected from direct sunlight.
Microarray analysis
Ten micrograms of ketel null /À and, as control, 10 lg sibling ketel null /y + CyO and À/y + CyO larvae were collected, washed and homogenized in lysis buffer (RA1) of NucleoSpin RNA II Kit (Macherey-Nagel, Dü ren, Germany) in the presence of 1% b-mercaptoethanol. The larvae were in 2nd instar, 62-66 h after egg laying. The ketel null /À larvae appeared normal yet. Total RNA samples were isolated and purified according to the company's recommendation. For probe preparation, 2 lg total RNA was reverse transcribed using poly-dT primed Genisphere Expression Array 900 Detection system (Genisphrere, Hatfield, PA, USA) in 20 ll total volume using 20 Unit RNAsin (Fermentas, Vilnius, Lithuania), 1· first strand buffer and 200 Units of RNAse H (-) point mutant M-MLV reverse transcriptase (Fermentas). The further probe preparation steps were done according the manufacturer's instructions (Genisphere). Both the first step cDNA hybridization and the second step capture reagent hybridization were carried out in a Ventana hybridization station (Ventana Discovery, Tucson, AZ, USA) by using the ''antibody'' protocol. After hybridization, the slides (D12kv1 array containing 10,500 different Drosophila genes covering about 90% of the Drosophila transcriptome; Canadian Drosophila Microarray Centre; www.flyarrays.com) were washed in 0.2· SSC (30 mM NaCl, 3 mM trisodium citrate) twice at room temperature for 10 min, dried and scanned in a confocal laser scanner (Agilent). The scanned output files were analyzed by the GenePix Pro5.0 software (Axon Instruments Inc., Foster City, CA). Each spot was defined by automatic positioning of a grid of circles over the image. For each channel the median values of feature and local background pixel intensities were determined and the background corrected expression data was filtered as described earlier (Puskas et al., 2004) . Normalization was performed using the print-tip LOWESS method. To determine the genes to be regarded as regulated, we used the one-sample t-test in order. Logarithm was taken from each expression ratio to fulfill the t-test's requirement for a normal distribution. Genes for which the mean of log-ratios across the biological replicates was equal to zero at a significance level a = 0.05 were considered to have unchanged expression level. Genes were considered to have altered expression level when a P-value smaller than a and the average-fold change (increase or decrease) of the four data points were at least 2.0-fold.
3.7.

Real-time quantitative reverse transcription-PCR
To confirm the changes in expression level in seven selected genes, real-time quantitative reverse transcription-PCR (QRT-PCR) was performed on a Rotor Gene 6000 device (Corbett Research, Sydney, Australia) with gene-specific primers and the SYBR Green protocol (Supplementary Table 2 ). Two microgram of total RNA isolated from ketel null /À and from wild type larvae were reverse transcribed in the presence of random primers in a total volume of 20 ll. After dilution with 180 ll water, 1 ll of the diluted reaction mixture was used as template in QRT-PCR. The 20 ll reaction volume contained 0.2 mM dNTP, 1· PCR reaction buffer (ABGene, Epsom, UK), 6 mM of each primer, 4 mM MgCl 2 , 1· SYBR Green I (Molecular Probes, Eugene, OR) at final concentration and 0.5 Uints of thermostart Taq DNA polymerase (ABGene). The amplification was carried out with the following cycling parameters: 600 s heat start at 95°C, 45 cycles of denaturation at 95°C for 25 s, annealing at 60°C for 25 s, and fluorescence detection at 72°C for 15 s. Relative expression ratios were normalized for the following constitutively expressed genes: aTub84B and aTub84D (that encode the formation of the basically identical a1-and a3-tubulin isoforms) and Actin5C. Non-template control sample was used for each PCR run to check the genomic DNA contaminations of the cDNA template. The results were analyzed by the Pfaffl method (Pfaffl, 2001 ).
